Population III (Pop III). Their high masses are in stark contrast to the low masses of the stars, including our sun, that dominate today's universe. New simulations and corroborating observations suggest that those early behemoths were rapidly rotating. 4 A different set of recent simulations, however, is challenging the old paradigm. Benefiting from improved numerical techniques, they show ubiquitous fragmentation in the disks that build up around the initial protostars. As a result, small multiples of Pop III stars-binary systems, for example-reside inside a given minihalo. 5 Even in the new paradigm, most Pop III stars are quite massive. But whether a small number of lowmass Pop III stars could also have formed as a result of the fragmentation is a topic of active debate.
After a few million years, the Pop III stars exploded as supernovae or, if they were extremely massive, directly collapsed into black holes. The exploding stars dispersed the first heavy chemical elements. The conditions for subsequent star formation in the neighborhood of the remnants were thus changed forever. The metals introduced there acted as coolants and may have enabled the second generation of stars to be less massive than the first, perhaps including some with even less mass than the Sun. Stars that formed from slightly metalenriched material are called Population II stars.
As a consequence of their low mass, they live for more than 10 billion years and are thus still observable. The Sun and the other metalrich stars that make up Population I formed later, in environments much richer in metals than those that spawned Pop II stars. 000 of the solar value; in absolute terms, that's about 1/100 of the Fe in Earth's core. 6 Stars with [Fe/H] ≲ −3.5 may teach us about how the first lowmass stars formed. At least according to the currently accepted paradigm, one necessary ingredient is sufficient cooling to induce fragmentation of the nearprimordial gas.
Turbulence, magnetic fields, and other phenomena might have played a role as well. According to some theories, gas fragmentation is induced once the interstellar medium includes a threshold abundance of heavyelement coolants. One particular refinement identifies singly ionized carbon and neutral oxygen as the main cooling agents facilitating lowmass star formation; 7 those two elements were likely produced in vast quantities in rotating Pop III stars. The cooling mechanism, called finestructure line cooling, is a process by which thermally excited species radiate away the excitation energy as photons. The theory of the Pop III to Pop II transition is highly complex, however, and many important details remain unknown. A competing class of models posits that cooling through dust grains might have been the dominant effect in bringing about the transition. 8 In light of such uncertainties, guidance from stellar archaeology is crucial.
Indeed, stellar archaeology has already tested the linecooling theory. 9 Any star that has survived since the dawn of the universe must have a mass of about 0. figure 1 shows, almost all of the known lowestmetallicity stars have discriminants above the critical threshold, which is consistent with the linecooling theory. But some stars have values very close to or even slightly below critical. 10 At least in some cases, the lesson may be that cooling from dust grains in highdensity condensations drives lowmass star formation. Empirical constraints from stellar archaeology can be incorporated in largescale simulations that take into account such environmental influences as specific abundance patterns, dusttogas ratios, and radiation fields. But to really understand the cosmological origin of the most metalpoor stars and their journey from their birth clouds into the halo of today's Milky Way requires a detailed examination of the hierarchy of structure formation-from the basic building blocks to the presentday Milky Way.
Building a galaxy
The first stars formed in isolation or as members of a small multiplestar system. Unfortunately, individual Pop III stars are beyond our observational reach: Despite their large luminosities, even the JWST won't be able to see them. The only chance to catch one is at the moment of its explosive death when, theory predicts, it is extremely bright. We therefore turn to the next stage in the hierarchy of cosmic structure formation, which results in potentially observable stellar systems.
In time, gravity merged the minihalos that hosted the first stars into more massive structures. Theory suggests 12 that the second round of star formation occurred in darkmatterdominated halos with a mass of about 10 8 M ⊙ . Such halos emerged roughly 500 million years after the Big Bang, as deep gravitational potential wells collected the material that had previously been heated by the very first stars and blown out into the intergalactic medium. The gas that thus assembled into the first galaxies was likely already enriched with heavy elements to 0.1% of solar levels (see figure 2 ).
According to stateoftheart ΛCDM simulations, the metalenriched environment of the first galaxies gave rise to the first lowmass stars. Those stars have survived for virtually the entire age of the universe and form the basis for stellar archaeology. 13 Largescale simulations have also yielded detailed insight into formation and evolution of large galaxies like the Milky Way. 14 Indeed, the hierarchical assembly of any large galaxy is an ongoing process. Our own galaxy's continuing accretion of matter has led to a variety of streams and substructure. Key questions remain, however. Within the hierarchical picture, how many smaller systems did the Milky Way devour and at what times? Do some of the first galaxies survive as lowmass members of the socalled Local Group of galaxies, or have they all been merged into larger systems? Did the inner and outer parts of our galaxy form at different times?
Chemical abundances of stars in the galactic halo and in dwarf galaxies provide clues to the answers of those and related questions. The armada of dwarf galaxies orbiting our Milky Way is an obvious place to look for such clues.
Ancient, metalpoor stars
Known stellar metallicities range from greater than solar down to [Fe/H] = −5.4. The extremely metalpoor stars are the most interesting to those of us who study the early universe, but unfortunately, the number of stars decreases rapidly with decreasing metallicity. Individual metalpoor stars have been discovered primarily in the old halo of the Milky Way, where the stellar density is much lower than in the inner regions of the disk and bulge (see figure 3) . Absorptionline spectroscopy, in combination with atmospheric modeling, serves to determine the chemical composition of a star's surface. Typically, the spectra achieve a resolution λ/Δλ of 20 000 in the optical wavelength regime. Figure 4 shows representative spectra and, in particular, illustrates the qualitative changes in absorptionline strength that accompany decreasing metallicity. Many metalpoor stars show an astonishing range of elements. That variety illustrates that all of the elements were already produced in the first generations of stars and supernovae, albeit in tiny amounts.
Indeed, the most metalpoor stars provide important empirical constraints on the nucleosynthetic yields of the first supernovae in the universe. Among the elements found in every metalpoor star are α elements like magnesium24 and calcium40 that are multiples of the helium4 α particle. Determining αelement abundances enables astrophysicists to establish a rough chemicalenrichment time scale for the system that hosted the metalpoor stars. At early times, type II supernovae, which manifest the core collapse of massive stars, established a characteristic [α/Fe] ratio. After about 1 billion years, the first lowermass stars in a system began to explode as type Ia supernovae-white dwarf stars that accreted too much mass from a companion in a binary system-and added fresh Fe to the interstellar medium. As a consequence, [α/Fe] should be lower in late generations of stars. Such a decrease has been observed in halo stars at higher metallicities of [Fe/H] > −1.5 and in dwarf galaxies, and it indicates that not all systems have the same enrichment time scale.
Metalpoor stars also contain heavy elements, such as strontium and europium, that are formed as a result of neutron capture. Those elements, though, are less common than the lighter elements with atomic number Z less than 30 or so.
Neutroncapture nucleosynthesis processes are highly sensitive to local environmental conditions and progenitor masses, and theoretical predictions are still subject to huge uncertainties. The slow (s) neutroncapture process, which produces about half the isotopes of heavy elements (Z > 30), operates in the pulsing, bloated atmospheres of evolved stars before 5/7 www.physicstoday.org/resource/1/phtoad/v65/i4/p49_s1#figref_f3 they end their lives as white dwarfs. It may also occur in rapidly rotating, massive Pop III stars (reference 4, C. Chiappini et al.). But at least in the canonical picture, the process occurs a few hundred million years after the first lowermass stars begin to reach the ends of their lives. Hence the characteristic sprocess signature can be found in metalpoor stars The radioactive elements thorium and uranium are among those made by the rprocess; they have actually been observed in a handful of metalpoor stars that must have formed close to the location of a previous rprocess supernova.
In combination with modeling of rprocess nucleosynthesis, the measured abundances of such longlived radioactive species enable us to tell how old the stars are. If the radioisotopecontaining stars were born shortly after the corresponding supernovae, an assumption justified by the stars' low metallicity, then they are roughly 13 billion years old. 15 Metalpoor stars are ancient-older than the Milky Way itself. But where did they form, and how did they end up in our galaxy?
The study of metalpoor stars in dwarf galaxies helps to answer that question. Of particular interest are the recently discovered ultrafaint dwarf galaxies, whose total luminosity is a mere 10 3 -10 5 times greater than that of the Sun. In the faintest systems, the entire galaxy is dimmer than a single massive, evolved, and thus very luminous star. Ultrafaint dwarf galaxies, as a whole, are very metal deficient, and they host some 30% of the most metalpoor stars observed to The chemical similarity of the stars in three different types of galaxies suggests that accreted dwarf galaxies contributed at least some of the Milky Way's metalpoor halo stars and that ultrafaint dwarf galaxies or their close cousins served as the building blocks of the galactic halo. Moreover, the surprisingly low metallicity of the ultrafaint dwarf galaxies means that they themselves likely are fossil objects that will allow physicists to explore beyond the fossil record of individual metalpoor stars. Theorists are making progress investigating the nature and evolution of those galaxies. 17 The full potential of dwarf archaeology, though, has not yet been fully realized because detailed spectroscopic observations of stars in the ultrafaint dwarfs, if they are possible at all, require lots of telescope time. But what we have already learned from the ultrafaint dwarfs raises the hope that we have finally identified a Rosetta stone of cosmic chemical evolution that will enable us to connect elemental abundances to a single episode of prior enrichment.
The sky is the limit
The full picture of structure formation in the early universe is likely imprinted in its stars and gas. Fleshing out that picture will require contributions from theorists, simulators, and observers. Theorists are constantly refining their models in an effort to connect earlyuniverse cosmology with chemicalabundance measurements in metalpoor stars. Parallel supercomputers will enable ever more realistic simulations of structure formation in the early universe. The ability of those simulations to trace early metal production and spatial distributions will be essential to our determining the extent to which the ultrafaint dwarf galaxies of today resemble the first galaxies. The simulations will also shed light on whether the ultrafaint dwarfs are indeed the building blocks of the Milky Way halo.
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Ever more detailed observations of stars in the halo and of ultrafaint dwarfs will become available through new surveys such as the Australian National University's SkyMapper, a project in which a 1.35meter telescope will map out the complete southern sky. Such observations will yield a more complete census of the chemical and dynamical history of our galaxy. With large 6 to 10meter telescopes and a full night's observing, one can obtain a usable spectrum for the faintest stars amenable to measurement. Some spectral features, though-for example, the absorption lines due to uranium and lead formed in the rprocess-are so weak that the required data quality can only be obtained for relatively bright halo stars.
To maximize the discovery rate of extremely rare, metalpoor fossils, observers will increasingly rely on the ability to combine chemical abundances with kinematic information. However, many of the metalpoor candidate stars we seek are too faint for detailed observations with current telescopes; as a result, the outer halo is still a largely unexplored territory. The lightcollecting power of the next generation of optical telescopes, including the 25meter Giant Magellan Telescope, the Thirty Meter Telescope, and the 39meter European Extremely Large Telescope, will enable us to reach farther out into the halo and examine the most metalpoor stars-provided that the telescopes are equipped with high resolution spectrographs.
The exploration of the early universe is among the main scientific goals of a whole new suite of facilities. These ground and spacebased telescopes will look mostly at highredshift galaxies and other farfield objects. Several radio facilities will shed light on the epoch during which the neutral cosmos was reionized by the emerging first generation of stars. The JWST's nearIR images of the earliest starforming regions will address many of the questions that scientists are currently trying to answer. Looking closer to home, the Gaia mission will soon begin to take a comprehensive census of the stars in the Milky Way to fully characterize the spatial structure of our home galaxy. Together, the new facilities promise to yield exceptional insights about cosmic evolution. Stellar archaeology and nearfield cosmology will play an
